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Abstract
Dopamine, through D2 receptor (D2R), is the major regulator of lactotrope function in the anterior pituitary gland. Both D2R
isoforms, long (D2L) and short (D2S), are expressed in lactotropes. Although both isoforms can transduce dopamine signal,
they differ in the mechanism that leads to cell response. The administration of D2R agonists, such as cabergoline, is the
main pharmacological treatment for prolactinomas, but resistance to these drugs exists, which has been associated with
alterations in D2R expression. We previously reported that dopamine and cabergoline induce apoptosis of lactotropes in
primary culture in an estrogen-dependent manner. In this study we used an in vivo model to confirm the permissive action
of estradiol in the apoptosis of anterior pituitary cells induced by D2R agonists. Administration of cabergoline to female rats
induced apoptosis, measured by Annexin-V staining, in anterior pituitary gland from estradiol-treated rats but not from
ovariectomized rats. To evaluate the participation of D2R isoforms in the apoptosis induced by dopamine we used
lactotrope-derived PR1 cells stably transfected with expression vectors encoding D2L or D2S receptors. In the presence of
estradiol, dopamine induced apoptosis, determined by ELISA and TUNEL assay, only in PR1-D2S cells. To study the role of
p38 MAPK in apoptosis induced by D2R activation, anterior pituitary cells from primary culture or PR1-D2S were incubated
with an inhibitor of the p38 MAPK pathway (SB203850). SB203580 blocked the apoptotic effect of D2R activation in
lactotropes from primary cultures and PR1-D2S cells. Dopamine also induced p38 MAPK phosphorylation, determined by
western blot, in PR1-D2S cells and estradiol enhanced this effect. These data suggest that, in the presence of estradiol, D2R
agonists induce apoptosis of lactotropes by their interaction with D2S receptors and that p38 MAPK is involved in this
process.
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Introduction
Dopamine (DA) is the predominant catecholaminergic neuro-
transmitter in the mammalian brain and is involved in a variety of
functions such as locomotion, reinforcement, food intake, emotion
and neuroendocrine secretion. In the anterior pituitary gland, DA
inhibits prolactin (PRL) synthesis and release, as well as lactotrope
proliferation [1]. In addition to these well established actions, we
previously reported that DA induces apoptosis of lactotropes from
female rats in an estrogen-dependent manner [2]. These pituitary
actions are exerted through the D2 receptor (D2R), a member of
the G protein-coupled receptor superfamily [3].
D2R exists as two alternatively spliced isoforms, long (D2L) and
short (D2S). D2L differs from D2S by the presence of additional
29 amino acid residues within the third intracellular loop. D2L
and D2S can couple to different G inhibitory proteins [4,5] and,
although both isoforms can transduce the intracellular signal
correctly [4], it has been reported that D2S is more efficient for
inhibiting adenylyl cyclase than D2L [6]. Both isoforms can be
expressed in the same cell, but D2L is the main isoform present in
the anterior pituitary, and estradiol (E2) was shown to increase the
D2L/D2S ratio [7–9].
Cabergoline (CAB), a D2R agonist, is the most effective
compound for pharmacological treatment of prolactinomas [10],
strongly reducing PRL secretion and lactotrope proliferation
[11,12]. Although DA agonists have been proven to be successful
in normalizing serum PRL levels, a subset of patients with
prolactinomas does not respond to CAB, suggesting that D2R
expression is altered. In fact, prolactinomas resistant to D2R agonist
treatment have been shown to express less D2R mRNA than
responsive tumors [13]. Moreover, some studies suggest that
alterations in the proportion of D2L and D2S isoform expression
could be involved in D2R agonist resistance [10,14,15]. In addition,
estrogens sensitize anterior pituitary cells to different proapoptotic
stimuli [16,17], and we have observed that CAB induces apoptosis
of lactotropes only when cells are cultured in the presence of E2 [2],
making it plausible that the hormonal milieu could affect the action
of D2R agonists in patients with prolactinomas.
D2R is coupled to distinct intracellular pathways including
different MAPKs [18]. DA-induced apoptosis of neuroblastoma
cells [19] and pituitary-derived GH3 cell line [20] involves p38
MAPK activation. The abnormal transduction of D2R signaling
could also explain the failure of D2R agonist treatment in
resistant prolactinomas [10].
PLoS ONE | www.plosone.org 1 March 2011 | Volume 6 | Issue 3 | e18097In the present work, we studied the role of D2R isoforms, D2L
and D2S in the apoptosis of lactotropes induced by DA. We also
investigated the participation of p38 MAPK in this action. We
confirm the influence of E2 in the proapoptotic action of CAB on
anterior pituitary cells in an in vivo model.
Also, we show that DA induces apoptosis of lactotropes through
D2S receptor activation in an E2-dependent manner and that p38
MAPK is involved in this action.
Methods
Ethics Statement
All procedures complied with the Ethical Committee of the
School of Medicine, University of Buenos Aires and the NIH
Guide for the Care and Use of Laboratory Animals.
Drugs
All drugs, media and supplements were obtained from
Invitrogen (Carlsbad, CA, USA), except Dulbecco’s modified
Eagle’s medium (DMEM), bovine serum albumin (BSA), 17b-
estradiol (E2), DA, normal horse serum and protease inhibitor
cocktail (Sigma, St. Louis, MO, USA), fetal bovine serum (GBO,
Buenos Aires, Argentina), SB203580 (Stressgen, PA, EEUU),
gentamicin (Promega, Madison,WI), Vectashield (Vector Labora-
tories, Inc., Burlingame, CA, USA), all terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick end-labeling
(TUNEL) reagents (Roche Molecular Biochemicals, Mannheim,
Germany), Cell Death Detection (ELISA
Plus) (Roche Molecular
Biochemicals, Mannheim, Germany), guinea pig rat prolactin
antiserum (Dr. A. Parlow, National Hormone and Pituitary
Program, Torrance, CA, USA), anti-guinea pig rhodamine-
conjugated secondary antibody (Chemicon International, Teme-
cula, CA, USA), fluorescein isothiocyanate (FITC) Annexin-V (BD
Pharmingen, San Jose, CA, USA), anti-p38 MAPK and anti-
phospho-p38 MAPK antibodies (Cell Signaling Technology, CA,
USA) and cabergoline (kindly donated by Holliday-Scott, Buenos
Aires, Argentina).
Animals
Adult female Wistar rats were kept in controlled conditions of
light (12 hour light-dark cycles) and temperature (20–25uC).
Animals were fed standard lab chow and water ad libitum. The
rats were ovariectomized (OVX) under ketamine (75 mg/kg, i.p.)
and xylazine (10 mg/kg, i.p.) anesthesia. For primary cultures, the
rats were euthanized by decapitation 15 days after ovariectomy
and anterior pituitary glands were removed. For in vivo
experiments, the rats were s.c. implanted in the skin of the back
with silicone capsules containing 1 mg of 17b-estradiol (E2) or
empty capsules (OVX) at the time of ovariectomy. The capsules
(length 20 mm, outer diameter 2 mm) were prepared in the
laboratory and were filled with 50 ml of E2 solution (20 mg/ml)
diluted in ethanol. When ethanol was evaporated the capsules
were sealed with a silicone adhesive. These capsules induce plasma
levels of E2 similar to those of rats at proestrus [21]. After 15 days
of ovariectomy, the rats were injected with cabergoline (CAB,
1 mg/kg, i.p.) or 0.9% NaCl (CONTROL). After 16 h, the rats
were euthanized, anterior pituitary glands obtained and cells
dispersed to analyze apoptosis by Annexin-V staining.
Primary culture of anterior pituitary cells
A pool of anterior pituitary cells from 5–8 OVX rats was used
for each primary culture. Anterior pituitary glands were washed
several times with DMEM supplemented with 10 ml/ml
MEM amino acids, 2 mM glutamine, 5.6 mg/ml amphotericin B,
25 mg/ml gentamicin (DMEM-S) and 3 mg/ml BSA. Then the
glands were cut into small fragments and dispersed enzymatically
by successive incubations in DMEM-S with BSA, containing
0.75% trypsin, deoxyribonuclease type I (DNase; 45 U/ml) and
10% fetal calf serum previously treated with 0.025% dextran-
0.25% charcoal (FCS) to remove steroids. The cells were then
washed with Krebs-Ringer bicarbonate buffer free of Ca
2+ and
Mg
2+ (KRBCMF), pH 7.4. Finally, the cells were dispersed in
KRBCMF by extrusion through a Pasteur pipette. Dispersed cells
were washed twice and resuspended in DMEM-S with 10% FCS.
Cell dispersion yielded about 3–3.5610
6 cells/gland. Cell viability
as assessed by trypan blue exclusion was over 90%. The cells were
seeded onto coverslides in 24-well tissue culture plates (1610
5
cells/ml/well) and cultured in DMEM-S with 10% FCS for 24 h.
Then the cells were cultured in fresh medium containing 17b-
estradiol (E2, 1 nM) for 24 h and in the same media without
serum for a further 24 h. After this period, cells were incubated in
the same media containing different drugs according to each
experiment.
Cell lines
The PR1 cell line was derived from a pituitary tumor of a
Fischer-344 ovariectomized rat treated with E2 for 3 months [22].
These cells do not express D2Rs [23] and secrete PRL [22]. Stably
transfected PR1 cells with an expression vector containing cDNA
encoding D2L (PR1-D2L), D2S (PR1-D2S) receptors or an empty
vector (PR1-V) [23] were maintained in a 1:1 mixture of
Dulbecco’s modified Eagle’s medium and Ham’s F-12 medium
(DMEM/F-12; Sigma) containing 10% FBS previously treated
with 0.025% dextran-0.25% charcoal and 800 mg/ml gentamicin.
The cells were seeded onto coverslides in 24-well culture plates
(1610
5 cells/ml/well) for the TUNEL method, in 24-well culture
plates (5610
5 cell/ml/well) for ELISA or in 6-well plates (1610
6
cells/ml/well) for protein extraction. Then, the cells were
maintained for 24 h in DMEM/F-12 supplemented with human
transferrine (100 mM), insulin (5 mM), putrescine (1 mM) and
sodium selenite (30 nM) without serum (DMEM/F-12-SS).
Finally, the cells were cultured with vehicle (VEH, ethanol,
1 ml/l) or E2 (1 nM) in DMEM/F-12-SS for 48 h and incubated
in the same media containing different drugs according to each
experiment.
Detection of Apoptosis by FITC Annexin-V Staining
Anterior pituitary glands from in vivo experiments were
dispersed with trypsin/DNase as previously described [2]. Then
the cells were washed in cold PBS and resuspended in binding
buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM
CaCl2). The cells were incubated with 5 ml FITC Annexin-V and
10 ml propidium iodide (PI, 50 mg/ml) for 15 min in darkness.
Cells were immediately analyzed by flow cytometry (Becton-
Dickinson FACScalibur) and data analyzed by WinMDI98
software. Annexin-V-positive/PI-negative cells were considered
early apoptotic cells, whereas Annexin-V-negative/PI-positive
cells were considered necrotic cells. Double-positive (Annexin-V-
positive/PI-positive) cells were considered to be in a late stage of
apoptosis.
Detection of Apoptosis by Cell Death Detection
(ELISA
PLUS)
The apoptotic response of PR1 cells was measured by Cell
Death Detection (ELISA
Plus). This kit is used for relative
quantification of histone-complexed DNA fragments (mono- and
oligonucleosomes) induced by apoptosis. After treatment, cells
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the manufacturer’s protocol. Optic density (OD) was measured in
a spectrophotometer at 405 nm.
Detection of Apoptosis by TUNEL assay
After the culture period, the cells were fixed with 4%
paraformaldehyde for 10 min and permeabilized by microwave
irradiation. DNA strand breaks were labeled with digoxigenin-
deoxyuridine triphosphate using terminal deoxynucleotidyl trans-
ferase (0.18 U/ml) according to the manufacturer’s protocol. After
incubation with 10% horse serum, slides were incubated for 1 h
with antidigoxigenin-fluorescein antibody (aDIG, 1:10) to detect
incorporation of nucleotides into the 3-OH end of damaged
DNA. Slides were mounted with Vectashield (Vector Laborato-
ries, Inc., Burlingame, CA, USA) containing 4,6 diamidino-2-
phenylindoledihydrocloride (DAPI) for DNA staining and
visualized in a fluorescence light microscope (Axiophot; Carl
Zeiss Jena, Germany). In primary culture of anterior pituitary
cells, lactotropes were identified by immunofluorescence. After
incubation with 10% serum in PBS, the cells were incubated for
1 h with guinea pig rat prolactin antiserum (1:1.500). Then, the
slides were incubated for 1 h with aDIG (1:10) and a rhodamine-
conjugated anti-guinea pig secondary antibody (1:200). The
percentage of total apoptotic cells was calculated as (TUNEL-
positive cells/total anterior pituitary cells)6100. The percentage
of apoptotic lactotropes was calculated as (TUNEL-positive
prolactin-immunoreactive cells/prolactin-immunoreactive cells)
6100. The percentage of lactotropes determined by immunoflu-
orescence was between 25–40% of total anterior pituitary cells.
Western Blot
Total proteins were extracted from cultured cells in lysis buffer
containing protease inhibitor cocktail and phosphatase inhibitors
(10 mM NaF, 2 mM Na-orthovanadate, 80 mM b-glycerol
phosphate). The protein concentration of each sample was
determined by Bradford protein assay (BioRad Laboratories,
CA, USA). Twenty mg of total proteins were size-fractionated in
12% SDS-polyacrylamide gel and then electrotransferred to
polyvinyl difluoride (PVDF) membranes. Blots were blocked for
2 h in 5% nonfat dry milk-TBS-0.1% Tween 20 at room
temperature and incubated overnight with the appropriate
primary antibody in the same buffer at 4uC. The primary
antibodies used were: anti-p38 MAPK (1:1000) and anti-phospho-
p38 MAPK (1:2000). Then, membranes were incubated for 1 h at
room temperature with the corresponding peroxidase conjugated
secondary antibody. Immunoreactivity was detected by enhanced
chemiluminescence. Membranes were exposed to X-ray films and
developed using an X-Ray developer.
Statistical Analysis
Each experiment was performed at least twice. The percentage
of apoptotic cells determined by flow cytometry was expressed as
mean 6 SE and evaluated by two-way ANOVA followed by
Tuckey’s test. The optic density measured by ELISA was
expressed as mean 6 SE and analyzed by one-way ANOVA
followed by Dunnett’s test. The number of apoptotic cells
identified by TUNEL was determined in duplicate slides from
independent experiments. Results were expressed as the percent-
age 695% confidence interval (CI) of apoptotic cells of the total
number of cells counted in each specific condition. Differences
between proportions were analyzed by x
2 test [2]. Differences
were considered significant if p,0.05.
Results
Effect of CAB on anterior pituitary cell apoptosis
To confirm the permissive action of E2 on the apoptotic action
of D2R activation in an in vivo model, apoptosis in the anterior
pituitary gland was evaluated in OVX and E2-treated rats injected
with CAB (determined by FICT Annexin-V staining). As
previously described [24], E2 treatment per se increased apoptosis
of anterior pituitary cells. Whereas CAB did not modify the
percentage of anterior pituitary apoptotic cells from OVX rats,
this D2R agonist induced apoptosis in the pituitary from E2-
treated rats (Fig. 1).
Effect of DA on the apoptosis of lactotropes expressing
D2L or D2S receptor isoforms
To study the role of D2R isoforms in the apoptosis of
lactotropes induced by DA, we evaluated the proapoptotic action
of this catecholamine on PR1 cells expressing either D2L or D2S.
Considering that DA-induced apoptosis of lactotropes is E2-
dependent [2], PR1 cells were incubated either in the presence or
absence of E2 (1 nM). DA did not modify the apoptosis
(determined by an ELISA assay) in PR1-V and PR1-D2L cells
incubated either in the absence or presence of E2 (Fig. 2A and B).
Whereas this catecholamine did not modify the apoptosis of PR1-
D2S cells incubated in the absence of E2 (Fig. 2A), DA induced
apoptosis of these cells when they were cultured with E2 (Fig. 2B).
We also analyzed the apoptotic action of DA in PR1 cells by
TUNEL assay. DA did not modify the percentage of TUNEL-
positive PR1-V and PR1-D2L cells incubated in the absence or
presence of E2 (data not shown). However, DA increased the
percentage of TUNEL-positive PR1-D2S cells only when these
cells were incubated with E2 (Fig. 3).
Involvement of p38 MAPK on DA-induced apoptosis
To investigate whether p38 MAPK is involved in the apoptosis
of anterior pituitary cells induced by D2R activation, anterior
pituitary cells from OVX rats cultured with E2, were incubated
with DA or CAB in the presence of SB203580, a p38 MAPK
Figure 1. CAB induces apoptosis of anterior pituitary cells in an
E2-dependent manner. OVX and E2 treated rats were injected with
CAB (1 mg/kg, ip) or vehicle (CONTROL) and euthanized 16 h later.
Anterior pituitary cells were dispersed and apoptosis was detected by
Annexin-V and flow cytometry. Each column represents the mean 6 SE
of the percentage of apoptotic cells (n=8 rats/group). Data were
analyzed by two-way ANOVA, followed by Tuckey’s test. *p,0.05 vs.
respective control without CAB, ‘p,0.05 vs respective control without
E2.
doi:10.1371/journal.pone.0018097.g001
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CAB in anterior pituitary cells and lactotropes from primary
cultures (Fig. 4). Also, in PR1-D2S cells cultured with E2, the
apoptotic effect of DA was reverted by SB203580 (Fig. 5A). In
addition, we determined the effect of DA on p38 phosphorylation
in PR1 cells by western blot. DA did not modify p38
phosphorylation in PR1-V and PR1-D2L cells incubated either
in the absence or presence of E2 (data not shown). However, DA
induced p38 MAPK phosphorylation in PR1-D2S cells, an effect
that E2 seems to enhance (Fig. 5B).
Discussion
DA is the main inhibitor of lactotrope function and its
interaction with D2R not only inhibits PRL secretion, PRL gene
expression and lactotrope proliferation [1], but also induces
apoptosis of these cells [2]. D2R knock-out (KO) mice and mice
lacking the ability to synthesize DA show pituitary hyperplasia and
hyperprolactinemia [25–27]. Two isoforms of D2R are synthe-
sized by alternative splicing, D2S and D2L [1]. However, no
specific ligands exist allowing to discriminate D2S from D2L
actions. Therefore, KO animal models for D2L (D2L2/2)
[28,29] or animals with D2R isoforms overexpression [30] have
been developed. Also, cell lines expressing D2L or D2S isoforms
have been generated [20,23,31]. In GH3, a somatolactotrope cell
line lacking D2R, D2L and D2S were described to mediate
dopaminergic repression of PRL gen promoter when cells are
transfected with these isoforms [32]. However, whereas D2R2/2
female mice are hyperprolactinemic [26,27], D2L2/2 female
mice exhibit normal serum PRL levels [29]. Since D2L2/2 mice
express D2S, it has been suggested that D2S can substitute the
function of D2L in the control of PRL secretion [29]. However, it
Figure 2. DA increases apoptosis in PR1-D2S cells incubated in the presence of E2. PR1-V, PR1-D2L or PR1-D2S cells were cultured with
DMEM-F12-SS in the absence (A) or presence of E2 (1 nM, B) for 48 h. Then the cells were incubated with DA (1 mM-100 mM) in the presence or
absence of E2 for 4 h and apoptosis was detected by ELISA. Each column represents the mean 6 SE expressed of OD as the percentage of control
without DA (n=5 wells/group). Data were analyzed by ANOVA followed by Dunnett’s test. * p,0.05 vs control without DA.
doi:10.1371/journal.pone.0018097.g002
Figure 3. DA increases the percentage of apoptotic PR1-D2S
cells incubated in the presence of E2. PR1-D2S cells were cultured
with DMEM-F12-SS in the absence (VEH) or presence of E2 (1 nM) for
48 h. Then the cells were incubated with DA (1 mM) with or without E2
for 4 h. Each column represents the percentage of TUNEL-positive cells
6 CI (.2,000 cells/group). Data from at least two separate experiments
were analyzed by x
2.* *p ,0.01 vs respective control without DA.
‘‘ p,0.01 vs respective control without E2.
doi:10.1371/journal.pone.0018097.g003
D2S Activation Induces Apoptosis of Lactotropes
PLoS ONE | www.plosone.org 4 March 2011 | Volume 6 | Issue 3 | e18097is possible that only the D2S isoform is involved in the inhibition of
PRL release induced by DA. In fact, Iaccarino et al. demonstrated
that mice overexpressing D2S receptor show a reduction in
pituitary size, lactotrope number, PRL mRNA expression and
serum PRL levels compared to WT mice and D2L overexpressing
mice [30]. Also, DA was reported to exert an antiproliferative
action in PR1 cells expressing D2S receptor but not in PR1 cells
expressing the D2L isoform [23]. Both isoforms are expressed in
the anterior pituitary gland [1]. Even though the predominant one
is D2L [7–9], we show that DA induces apoptosis of PR1-D2S
cells, whereas D2L activation does not seem to be implicated in
DA proapoptotic action. It has been described that D2L receptor
is mainly localized in the perinuclear region around the Golgi
apparatus, whereas the short isoform is principally restricted to
the plasma membrane and is therefore more accessible to DA
agonists [31]. These observations suggest that DA effects on
lactotropes, such as reduction of PRL secretion, inhibition of
proliferation and induction of apoptosis, are mediated by the D2S
receptor isoform.
Since p38 MAPK has been implicated in DA-induced apoptosis
in neurons [19] and GH3 cells [20], we investigated involvement
of this kinase in the apoptosis of lactotropes. DA- or CAB-induced
apoptosis was reverted by a p38 MAPK inhibitor in anterior
pituitary cells from primary cultures and in PR1-D2S cells,
indicating that p38 MAPK is involved in the apoptosis of
lactotropes induced by D2R activation. It has been reported that
p38 and ERK are involved in DA-induced death in GH3 cells
expressing D2Rs [20] and that ERK participates in the inhibition
of cell proliferation in mice overexpressing D2S receptors [30].
Although p38 MAPK is involved in apoptosis of anterior pituitary
cells, we cannot rule out the participation of other signaling
pathways. We observed that DA phosphorylates p38 only in PR1-
D2S cells. DA was shown to signal by different intracellular
pathways in CHO cells transfected with D2L or D2S [33]. In
addition, in GH4 pituitary cell line, D2S activation inhibits the
phosphorylation of ERK induced by TRH whereas D2L
activation failed to induce this action [34]. These data and our
observations support the hypothesis that D2S and D2L receptor
are functionally distinct in terms of coupling to MAPK pathways.
The first choice of treatment for prolactinomas are DA receptor
agonists, being CAB the most effective one which inhibits PRL
secretion and reduces tumor size [10,35]. This drug suppresses
PRL release in in vitro and in vivo rodent models [11,12], and
decreases cell viability in non-functioning human pituitary
adenomas [36]. We previously reported that CAB induces
apoptosis of lactotropes only when cells are cultured in the
presence of E2 [2]. In this study, we show that administration of
CAB to OVX rats increases apoptosis in the anterior pituitary
gland only in E2-treated rats. These observations suggest that
CAB’s effect in reducing prolactinoma size involves induction of
Figure 4. A p38 MAPK inhibitor blocks the apoptosis of anterior pituitary cells induced by D2R activation. Anterior pituitary cells were
cultured with E2 (1 nM) for 48 h. Then the cells were preincubated with SB203580 (1 mM), a p38 MAPK inhibitor, for 30 min and then incubated with
DA (1 mM, A and B) or CAB (1 mM, C and D) in the presence or absence of SB203580 for 4 h. Each column represents the percentage of TUNEL-positive
cells 6 CI (.2,000 cells/group, A, C) or the percentage of TUNEL positive lactotropes 6 CI (.500 cells/group B, D). Data from at least two separate
experiments were analyzed by x
2.* *p ,0.01 vs respective control without DA or CAB. ‘ p,0.05 vs respective control without SB203589.
doi:10.1371/journal.pone.0018097.g004
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apoptosis of anterior pituitary cells in an estrogen-dependent
manner. We cannot discard that CAB induces apoptosis of non
lactotrope cells. D2R is found in more than 75% of anterior
pituitary cells, suggesting that non lactotrope cells express this
receptor [37]. In fact, we reported that D2R activation by DA
induces apoptosis of PRL- and non PRL-immunoreactive anterior
pituitary cells [2].
E2 increases the expression of D2L mRNA in anterior pituitary
cells [7–9]; however, we observed that D2S is the isoform
involved in DA proapoptotic action. Therefore, our results
suggest that E2 sensitizes anterior pituitary cells to DA by other
mechanisms not involving D2R isoforms expression modulation.
In fact, D2S expression in PR1 cells is not sufficient to induce
apoptosis by DA, which requires E2-permissive action to produce
this effect. This sensitization induced by E2 could be associated
with changes in transduction pathways triggered by D2S
activation. Whereas DA-induced apoptosis was prevented by a
p38 MAPK inhibitor, D2S activation induced p38 phosphoryla-
tion, not only in the presence but also in the absence of E2.
Considering that apoptosis induced by D2S receptor activation
was only observed when cells were cultured in the presence of E2,
the phosphorylation of p38 MAPK induced by DA seems to be a
necessary but not a sufficient event to induce apoptosis of
lactotropes. Our results show that E2 increases phosphorylation
of p38 MAPK and suggest that this steroid enhances kinase
activation induced by DA. p38 MAPK phosphorylation leads
to activation of caspase 8 and 9, and proapoptotic proteins of
the Bcl-2 family to trigger apoptosis via mitochondrial and
extramitocondrial pathways [38]. We previously reported that E2
increases the ratio between proapoptotic and antiapoptotic
proteins of the Bcl-2 family in the anterior pituitary [39]. In
addition, since E2 increases p53 expression in this gland [40] and
p53 was reported to be a target of p38 MAPK [41], the
sensitization induced by E2 on anterior pituitary cells could
involve an increment in p38 MAPK phosphorylation leading to
p53 activation.
Prolactinomas are the most frequent pituitary tumors and
medical therapy with D2R agonists is highly effective in most
cases. However, some patients do not respond to pharmacological
treatment [42]. D2R expression reduction and alterations in the
intracellular pathways triggered by D2R activation have been
associated with D2R agonist-resistance [10,35]. In addition,
differential expression of D2R isoforms may also be implicated
in the resistance to these drugs. In fact, it has been reported that
resistant prolactinomas have less expression of D2S mRNA than
the responsive ones [14,15]. It is also possible to speculate that low
levels of estrogens in patients with hypogonadism induced by
hyperprolactinemia may contribute to the development of
pituitary adenomas and resistance to D2R agonist treatment. It
would be interesting to study the relationship between circulating
levels of estrogens in patients with prolactinomas and their
response to DA agonist treatment.
Our study shows that the apoptosis of lactotropes induced by
DA is mediated by D2S and is an estrogen-dependent process,
involving p38 MAPK activation. These observations suggest that a
decrease in D2S expression may participate in D2R agonist
resistant prolactinomas.
Figure 5. p38 MAPK is involved in DA-induced apoptosis of PR1-D2S cells. A: PR1-D2S cells were cultured with E2 (1 nM) for 48 h. Then the
cells were preincubated with SB203580 (1 mM), a p38 MAPK inhibitor, for 30 min and then incubated with DA (1 mM) in the presence or absence of
SB203580 for 4 h. Each column represents the percentage of TUNEL-positive cells 6 CI (.2,000 cells/group). Data from at least two separate
experiments were analyzed by x
2.* *p ,0.01 vs respective control without DA. ‘‘ p,0.01 vs respective control without SB203580. B: PR1-D2S cells
were cultured with or without E2 (1 nM) for 48 h. Then the cells were incubated with DA (1 mM) in the presence of E2 or VEH for 15 min, 30 min or
4 h. Proteins were extracted and p38 MAPK and phospho-p38 MAPK were detected by western blot.
doi:10.1371/journal.pone.0018097.g005
D2S Activation Induces Apoptosis of Lactotropes
PLoS ONE | www.plosone.org 6 March 2011 | Volume 6 | Issue 3 | e18097Acknowledgments
We would like to thank Dr Sandra Za ´rate for paper revision, Dr Gabriela
Jaita and Dr Nadka Boyadjieva for helping with some techniques, Martin
Brahamian and Pedro Cepero for their kind assistance with animal care
and handling.
Author Contributions
Conceived and designed the experiments: DR DKS DP. Performed the
experiments: DR JF VB. Analyzed the data: DR AS DKS DP. Wrote the
paper: DR AS DKS DP.
References
1. Ben-Jonathan N, Hnasko R (2001) Dopamine as a prolactin (PRL) inhibitor.
Endocr Rev 22: 724–763.
2. Radl DB, Za ´rate S, Jaita G, Ferraris J, Zaldivar V, et al. (2008) Apoptosis of
lactotrophs induced by D2 receptor activation is estrogen dependent.
Neuroendocrinology 88: 43–52.
3. Missale C, Nash SR, Robinson SW, Jaber M, Caron MG (1998) Dopamine
receptors: from structure to function. Physiol Rev 78: 189–225.
4. Guiramand J, Montmayeur JP, Ceraline J, Bhatia M, Borrelli E (1995)
Alternative splicing of the dopamine D2 receptor directs specificity of coupling to
G-proteins. J Biol Chem 270: 7354–7358.
5. Senogles SE (1994) The D2 Dopamine Receptor Isoforms Signal through
Distinct Gi, Proteins to Inhibit Adenylyl Cyclase. J Biol Chem 269:
23120–23127.
6. Montmayeur JP, Borrelli E (1991) Transcription mediated by a cAMP-
responsive promoter element is reduced upon activation of dopamine D2
receptors. Proc Natl Acad Sci U S A 88: 3135–3139.
7. Guivarc’h D, Vernier P, Vincent JD (1995) Sex steroid hormones change the
differential distribution of the isoforms of the D2 dopamine receptor messenger
RNA in the rat brain. Neuroscience 69: 159–166.
8. Guivarc’h D, Vincent JD, Vernier P (1998) Alternative splicing of the D2
dopamine receptor messenger ribonucleic acid is modulated by activated sex
steroid receptors in the MMQ prolactin cell line. Endocrinology 139:
4213–4221.
9. Oomizu S, Boyadjieva N, Sarkar DK (2003) Ethanol and estradiol modulate
alternative splicing of dopamine D2 receptor messenger RNA and abolish the
inhibitory action of bromocriptine on prolactin release from the pituitary gland.
Alcohol Clin Exp Res 27: 975–980.
10. Gillam MP, Molitch ME, Lombardi G, Colao A (2006) Advances in the
treatment of prolactinomas. Endocr Rev 27: 485–534.
11. Eguchi K, Kawamoto K, Uozumi T, Ito A, Arita K, et al. (1995) Effect of
cabergoline, a dopamine agonist, on estrogen-induced rat pituitary tumors: in
vitro culture studies. Endocr J 42: 413–420.
12. Eguchi K, Kawamoto K, Uozumi T, Ito A, Arita K, et al. (1995) In vivo effect of
cabergoline, a dopamine agonist, on estrogen-induced rat pituitary tumors.
Endocr J 42: 153–161.
13. Passos VQ, Fortes MA, Giannella-Neto D, Bronstein MD (2009) Genes
differentially expressed in prolactinomas responsive and resistant to dopamine
agonists. Neuroendocrinology 89: 163–170.
14. Caccavelli L, Feron F, Morange I, Rouer E, Benarous R, et al. (1994) Decreased
expression of the two D2 dopamine receptor isoforms in bromocriptine-resistant
prolactinomas. Neuroendocrinology 60: 314–322.
15. Wu ZB, Zheng WM, Su ZP, Chen Y, Wu JS, et al. (2010) Expression of
D2RmRNA isoforms and ERmRNA isoforms in prolactinomas: correlation with
the response to bromocriptine and with tumor biological behavior. J Neurooncol
99: 25–32.
16. Candolfi M, Zaldivar V, De Laurentiis A, Jaita G, Pisera D, et al. (2002) TNF-
alpha induces apoptosis of lactotropes from female rats. Endocrinology 143:
3611–3617.
17. Jaita G, Candolfi M, Zaldivar V, Zarate S, Ferrari L, et al. (2005) Estrogens up-
regulate the Fas/FasL apoptotic pathway in lactotropes. Endocrinology 146:
4737–4744.
18. Bonci A, Hopf FW (2005) The dopamine D2 receptor: new surprises from an old
friend. Neuron 47: 335–338.
19. Eusung J, Mouradian M (2001) Apoptotic signalling in dopamine-induce cell
death: the role of oxidative stress, p38 mitogen-activated protein kinase,
cytochrome c and caspases. Journal of Neurochemistry 78: 374–383.
20. An JJ, Cho SR, Jeong DW, Park KW, Ahn YS, et al. (2003) Anti-proliferative
effects and cell death mediated by two isoforms of dopamine D2 receptors in
pituitary tumor cells. Mol and Cell Endocrinol 206: 49–62.
21. Hashi A, Mazawa S, Chen SY, Yamakawa K, Kato J, et al. (1996) Estradiol-
induced diurnal changes in lactotroph proliferation and their hypothalamic
regulation in ovariectomized rats. Endocrinology 137: 3246–3252.
22. Pastorcic M, De A, Boyadjieva N, Vale W, Sarkar DK (1995) Reduction in the
expression and action of transforming growth factor beta 1 on lactotropes during
estrogen-induced tumorigenesis in the anterior pituitary. Cancer Res 55:
4892–4898.
23. Sarkar DK, Chaturvedi K, Oomizu S, Boyadjieva NI, Chen CP (2005)
Dopamine, dopamine D2 receptor short isoform, transforming growth factor
(TGF)-beta1, and TGF-beta type II receptor interact to inhibit the growth of
pituitary lactotropes. Endocrinology 146: 4179–4188.
24. Pisera D, Candolfi M, Navarra S, Ferraris J, Zaldivar V, et al. (2004) Estrogens
sensitize anterior pituitary gland to apoptosis. Am J Physiol Endocrinol Metab
287: 767–771.
25. Hnasko TS, Hnasko RM, Sotak BN, Kapur RP, Palmiter RD (2007) Genetic
disruption of dopamine production results in pituitary adenomas and severe
prolactinemia. Neuroendocrinology 86: 48–57.
26. Saiardi A, Bozzi Y, Baik JH, Borrelli E (1997) Antiproliferative role of dopamine:
loss of D2 receptor causes hormonal dysfunction and pituitary hyperplasia.
Neuron 19: 115–126.
27. Kelly MA, Rubinstein M, Asa SL, Zhang G, Saez C, et al. (1997) Pituitary
lactotroph hyperplasia and chronic hyperprolactinemia in dopamine D2
receptor-deficient mice. Neuron 19: 103–113.
28. De Mei C, Ramos M, Iitaka C, Borrelli E (2009) Getting specialized: presynaptic
and postsynaptic dopamine D2 Receptor. Curr Opin Pharmacol 9: 53–58.
29. Xua A, Parlow AF, Wang Y (2002) The effects of dopamine and D2 receptor
antagonists on pituitary hormone secretion are intact in mice lacking dopamine
D2L receptor. Brain Research 939: 95–99.
30. Iaccarino C, Samad TA, Mathis C, Kercret H, Picetti R, et al. (2002) Control of
lactotrop proliferation by dopamine: essential role of signaling through D2
receptors and ERKs. Proc Natl Acad Sci U S A 99: 14530–14535.
31. Takeuchi Y, Fukunaga K (2003) Differential subcellular localization of two
dopamine D2 receptor isoforms in transfected NG108-15 cells. J Neurochem 85:
1064–1074.
32. McChesney R, Sealfon SC, Tsutsumi M, Dong KW, Roberts JL, et al. (1991)
Either isoform of the dopamine D2 receptor can mediate dopaminergic
repression of the rat prolactin promoter. Mol Cell Endocrinol 79: R1–R7.
33. Choi EY, Jeong D, Park KW, Baik JH (1999) G protein-mediated mitogen-
activated protein kinase activation by two dopamine D2 receptors. Biochem
Biophys Res Commun 256: 33–40.
34. Van-Ham II, Banihashemi B, Wilson AM, Jacobsen KX, Czesak M, et al. (2007)
Differential signaling of dopamine-D2S and -D2L receptors to inhibit ERK1/2
phosphorylation. J Neurochem 102: 1796–1804.
35. Colao A (2009) Pituitary tumours: the prolactinoma. Best Pract Res Clin
Endocrinol Metab 23: 575–596.
36. Zatelli MC, Minoia M, Filieri C, Tagliati F, Buratto M, et al. (2009) Effect of
everolimus on cell viability in nonfunctioning pituitary adenomas. J Clin
Endocrinol Metab 95: 968–976.
37. Hofland LJ, Feelders RA, de Herder WW, Lamberts SW (2010) Pituitary
tumours: the sst/D2 receptors as molecular targets. Mol Cell Endocrinol 326:
89–98.
38. Choi WS, Eom DS, Han BS, Kim WK, Han BH, et al. (2004) Phosphorylation
of p38 MAPK induced by oxidative stress is linked to activation of both caspase-
8- and -9-mediated apoptotic pathways in dopaminergic neurons. J Biol Chem
279: 20451–20460.
39. Zaldivar V, Magri ML, Za ´rate S, Jaita G, Eijo G, et al. (2009) Estradiol increases
the Bax/Bcl-2 ratio and induces apoptosis in the anterior pituitary gland.
Neuroendocrinology 90: 292–300.
40. Ying C (2000) Potential involvement of tumor suppressor gene expression in the
formation of estrogen-inducible pituitary tumors in rats. Endocr J 47: 1–5.
41. Wu GS (2004) The functional interactions between the p53 and MAPK
signaling pathways. Cancer Biol Ther 3: 156–161.
42. Molitch ME (2008) The Cabergoline-Resistant Prolactinoma Patient: New
Challenges. J Clin Endocrinol Metab 93: 4643–4645.
D2S Activation Induces Apoptosis of Lactotropes
PLoS ONE | www.plosone.org 7 March 2011 | Volume 6 | Issue 3 | e18097